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Study of the Inﬂuence of Silicon Phase Morphology on the
Microstructural Stress Distribution in Al–Si Alloys Using
Object Oriented Finite Element Modeling**
By Nadimpalli Raghukiran, Aslam Kunhi Mohamed and Ravi Kumar*

Near-eutectic Al–Si alloys were produced by conventional casting and spray forming resulting
in microstructural differences due to process dependent cooling rates. The as-sprayed alloy
exhibited ﬁne equiaxed Si particles uniformly distributed throughout the matrix in contrast to the
as-cast alloy, which exhibited acicular morphology with relatively large needle-like Si particles.
The effect of Si morphology on the microstructural stress distribution of the as-cast and
as-sprayed alloys was estimated by simulating uni-axial tensile loads on microstructures using
Object Oriented Finite Element code (OOF2). Microstructures of the as-sprayed alloy
experienced relatively low and uniform stress distribution, while the microstructural stress
distribution in the as-cast alloy was signiﬁcantly inﬂuenced by the orientation of the needle
shaped silicon particles.

Aluminum–silicon (Al–Si) alloys are extensively used in the
automotive industry due to their excellent combination of high
speciﬁc strength, wear resistance, low coefﬁcient of thermal
expansion, and corrosion resistance.[1–4] The presence of silicon
in these alloys not only improves the ﬂuidity of the alloy
but also counters the shrinkage improving the castability
of the alloy.[1] Concomitantly, silicon being a hard phase,
helps improving the wear resistance of the alloy making it
particularly useful for automotive components such as pistons
that are subjected to extensive wear and friction.[5–7] However,
the acicular morphology of eutectic Si phase present in Al–Si
alloys produced through conventional routes such as casting
adversely affects its mechanical properties. Hence, novel
processing routes such as powder metallurgy and spray
forming are used in order to favorably modify the morphology
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of Si to enhance the wear resistance and mechanical properties
of the alloy.[1] Spray forming is a rapid solidiﬁcation technique
during which sufﬁciently superheated melt is atomized with
the help of an inert gas and the resultant droplet cloud is
collected onto a substrate resulting in a coherent deposit.[8–10]
Spray forming is capable of producing, in mass scale, ﬁne and
equiaxed morphologies with extended solid solubility.[8,11]
With the advent of this technique, it has become possible to
produce Al–Si alloys with high Si content relatively easily in a
single processing step.[12–14]
Since the Si morphology signiﬁcantly affects the ﬁnal
mechanical properties of Al–Si alloys, studying the effect of Si
morphology on the microstructural stress distribution is
of technological interest. Saigal and Fuller[15] studied the
inﬂuence of size and morphology of Si particles on the
mechanical properties by conducting virtual experiments on
randomly generated microstructures of a hypoeutectic Al–Si
alloy using OOF. However, the effect of orientation of needlelike silicon particles on the internal stress distribution of
the alloy was not studied. Moreover, a better and realistic
approach to study these effects will be to use real microstructures. Hence, in the present study, conventional casting
and spray forming routes were chosen to produce near eutectic
Al–Si alloys with acicular (needle-like) and equiaxed Si
morphologies, respectively. The inﬂuence of Si morphology
on the microstructural stress distribution was then studied
using object oriented ﬁnite element code (OOF2). Moreover,
Young’s modulus of the a-aluminum measured using nanoindentation was used for the simulations.
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1.1. Spray Forming
Al–Si alloy with 13.43 wt% of silicon and impurities <0.10%
was used in the form of piglets. A resistance type furnace was
used to melt the alloy. The alloy was heated to a temperature of
850 °C and a superheat of 270 °C was provided for conducting
the spray forming experiment. A schematic of the spray
forming facility used for the current study is exempliﬁed in
Figure 1. The melt was poured into the tundish from where it
enters the atomizer. Nitrogen gas was used as the atomizing
gas, which impinges the molten metal stream at high pressure
to convert the stream into micron-sized droplets. The inert gas
also serves to protect the melt spray from the oxidizing
atmosphere. The spray was eventually collected on a copper
substrate. Copper substrate was used due to its high thermal
conductivity, which helps in rapid heat extraction.
The distance between the atomizer and the substrate
referred to as the “standoff distance” was maintained at
400 mm. A deposit of 30 cm diameter and 18 mm thickness was
obtained (Figure 2a and b). Representative samples of as-cast

Fig. 1. Schematic diagram depicting the spray forming setup used in the present work.

Fig. 2. Spray deposit of the Al–Si near eutectic alloy produced: (a) spray deposit, (b)
surface of the spray deposit.
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and as-sprayed materials were prepared for the microstructural examination using standard metallographic techniques
and subsequently etched using Keller’s reagent for 8 s. The
optical micrographs of the samples were taken using Leitz
Laborlux 12 ME (Germany) optical microscope (Figure 3a and
b). The Si-particle shape was characterized by quantifying
the aspect ratio of these particles by image analysis and the
distribution is shown in Figure 3c.
1.2. Nanoindentation
The elastic moduli of the a-aluminum phase of the as-cast
and as-sprayed deposits were determined by nanoindentation
using TI 950 Triboindenter, Hysitron Inc. (USA). A three-sided
pyramidal diamond Berkovich tip with a force resolution of
about 50 nN and displacement of about 0.1 nm was used as
an indenter. A maximum load of 10 mN was applied at a rate of
2000 mN s 1 (Figure 4). The tip diameter was 150 nm and
hence, it was possible to probe the a-aluminum phase with low
probability of hitting any silicon particle. The Young’s
modulus was calculated using the Oliver–Pharr method.[16]
Nanoindentation was carried out at 10 random locations on
each sample and the average value of the Young’s modulus
was considered in the present work. X-ray diffractograms of
the as-cast and as-sprayed samples were taken using Bruker
Discover D8 (Madison, USA) diffractometer. The relative peak
intensities of the Al and Si and the precise lattice parameters
of the a-aluminum of as-cast and as-sprayed alloys were
calculated from X-ray diffractograms. The precise lattice
parameter of a-aluminum was calculated by using Cohen’s
least square method. The high angle peaks (400), (331), and
(420) were considered for the calculation of the lattice
parameters.
1.3. Simulation Procedure
OOF2 is a ﬁnite element based tool designed to calculate
macroscopic properties from images of real or simulated
microstructures.[17,18] It is possible to assign material properties to features in the image, and conduct virtual experiments
on microstructures to determine the macroscopic properties of
the material. Simulation I and simulation II refer to simulations
performed on as-cast and as-sprayed microstructures, respectively (Figure 3a and b). For the Si phase, the material
properties of pure Si were assigned. In the case of a-aluminum
phase, for both the simulations I and II, pure aluminum
properties were assigned to the a-phase under the assumption
that the solubility of silicon is negligibly small (around 0.1 wt %
for the as-cast alloy) at room temperature. However, in the case
of as-sprayed alloy, due to the possibility of increase in
solid solubility of silicon in the a-phase as a result of rapid
solidiﬁcation conditions, assigning pure aluminum properties
to a-phase may not be accurate. Hence, the Young’s modulus
of a-phase was measured using nanoindentation and a third
simulation referred to as simulation III incorporating the
measured values of the Young’s modulus was performed.
The differences observed in each of the simulations were
exempliﬁed and elaborated. The material properties of pure
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Fig. 3. Optical micrographs of the near eutectic Al–Si alloy: (a) as-cast, (b) as-sprayed, and (c) aspect ratio of the Si-particles.

aluminum, Young’s modulus (E) and Poisson’s ratio (n) used
for the simulations I and II are shown in Figure 5. In all the
simulations, OOF algorithm described by Saigal and Fuller[15]
was followed to identify the pixels, assign material properties,
and create the mesh.
The loading and boundary conditions applied for the as-cast
microstructure and for the as-sprayed alloy are exempliﬁed in
Figure 5a and b. A combination of Dirichlet and Neumann
boundary conditions were applied in all the simulations. The
loading conditions were applied through the boundary
conditions. On the right boundary, Neumann boundary
condition was applied (i.e. a uniaxial tensile stress of
100 MPa). A stress value of 100 MPa was used for ease of
calculations. While the top boundary was kept stress free, the

Fig. 4. Type and amount of load applied during the nanoindentation study.
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left and bottom boundaries were constrained by applying a
Dirichlet boundary condition.
Figure 6 depicts the digitization and discretization
procedure for the as-cast and as-sprayed microstructures.
An optimized homogeneity index (HI) was obtained after
performing several simulations for the same image. HI is a
parameter that is used to evaluate how good a skeleton
represents the original microstructure and is a measure
of the area fraction of the dominant pixel group in an
element. For all the simulations, a HI between 0.98 and
0.99 was obtained and the iteration was stopped when
the residual falls below 10 13. Depending on the microstructure, complexity of the mesh, HI and pixel size of the image
used, the number of iterations required may vary. In the
case of as-cast alloy, keeping in view of the non-uniform
distribution of the second phase (silicon), simulations for
three different micrographs were carried out and the average
stress/strain experienced by each phase with standard
deviation was reported. However, since as-sprayed microstructure exhibited uniform dispersion/size of the second
phase (silicon), the number of simulations was restricted
to two micrographs since the stress/strain experienced by
each phase was consistent.
The following assumptions were made in performing the
simulations: (a) porosity was neglected and the microstructures used for simulations were taken from areas
where porosity was not present, (b) the material was assumed
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Fig. 5. Simulating uniaxial tensile loading on (a) as-cast and (b) as-sprayed alloys. The
applied boundary conditions are exempliﬁed.

to be perfectly elastic, (c) the material was assumed to be
isotropic.
2. Results and Discussion
2.1. Stress–Strain Distribution
The contour maps of stress and strain (components in the
X-direction) proﬁles of the as-cast and as-sprayed alloys
are shown in Figure 7 and 8, respectively. Color gradient
marker is shown on the right hand side of the contour
maps with darker color indicating lower values of stress
and strain while lighter color indicating the higher values.
From the stress proﬁles, the as-cast microstructure (Figure 7a)
experienced maximum stress of 190 MPa which was signiﬁcantly higher compared to the maximum stress experienced
by the as-sprayed microstructure (Figure 8a) which was
160 MPa. Further, the difference between maximum and
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2.2. Orientation Effect of Si Needles on the Stress Proﬁle
In the stress proﬁle as seen in Figure 7a, the Si needles
oriented perpendicular to the loading direction are darker than
the matrix indicating that the stress generated in the needles is
less than that of the matrix. However, Si needles oriented
parallel to the loading direction showed higher stresses
inferring a strong dependence of the orientation of the needles
on the stress proﬁle. On the contrary, the stress proﬁle of an assprayed alloy (Figure 8a) showed that the aluminum matrix
is darker than the equiaxed Si particles, while all the Si
particles have more or less the same color indicating uniform
stress distribution due to the equiaxed nature of the
morphology of Si particles.
The aforementioned observation is further substantiated by
studying the stress ﬁelds across individual Si particles. The
stress proﬁles along the cross-section of individual Si particles
in the as-cast and as-sprayed alloys are shown in Figure 9
and 10. It was observed that the variation of stress across the
needle shaped as-cast silicon particle oriented perpendicular
to the loading direction was negligibly small, i.e. the particle
experienced stress similar to that of the aluminum matrix
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minimum stresses referred as “stress range”[15] was 140 and
110 MPa in case of as-cast and as-sprayed alloys, respectively.
It implies that the variation in the internal stress distribution
is higher in the case of as-cast alloys while relatively uniform
stress distribution prevails in the as-sprayed microstructures.
The values of stresses and strains experienced by individual
phases (Si and a-aluminum) of the as-cast and as-sprayed
alloys are provided in Table 1 and 2, respectively. Since
the yield strength and wear properties of the alloy depend
primarily on the hard Si phase,[19] the stress–strain response
of the Si particles upon application of load is of interest.
The average stresses generated in the silicon particles of
the as-cast and as-sprayed alloys were 115 and 108 MPa,
respectively. Though the maximum stress experienced by
the as-cast Si phase was signiﬁcantly higher (Figure 7a),
the average stress experienced was only marginally higher
compared to their as-sprayed counterparts. This was due to a
fraction of Si needles which were perpendicular to the
loading direction experiencing lower stresses while the Si
needles parallel to the loading direction experiencing higher
stresses ﬁnally averaging out close to that of as-sprayed alloy.
This orientation dependence of the as-cast Si needles on
the amount of stress experienced is discussed further in the
following section.
The aforementioned observations lead to the conclusion
that the morphology of Si particles can have signiﬁcant
inﬂuence on the stress distribution within the material. For the
same loading condition, in the case of as-cast alloy, the needleshaped silicon particles were observed to experience higher
stress while equiaxed silicon particles experienced relatively
lower stress. This suggests that the uniformly distributed
stress ﬁelds observed in case of the as-sprayed alloy in the
presence of equiaxed Si particles can lead to better mechanical
performance of this alloy.
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Fig. 6. Various steps involved in OOF algorithm: digitization and discretization of the micrograph of the as-cast (left hand side) and as-sprayed alloy (right hand side).

(Figure 9a). However, in the case of a Si needle oriented parallel
to the loading direction, signiﬁcant difference in stress
experienced by the matrix and Si particle was observed
(Figure 9b). In all the equiaxed Si particles shown in Figure 10,
it was observed that the variation in stress was signiﬁcantly
small across the particle when compared with its as-cast
counterpart.
To summarize, the orientation of silicon needles inﬂuence
the internal stress distribution of the alloy. For instance, silicon
needles which were oriented parallel to the loading direction
experienced signiﬁcantly higher stresses while those oriented
in perpendicular direction were observed to undergo stresses
similar to the a-aluminum (Figure 7a). This uneven stress

116

http://www.aem-journal.com

distribution in Si phase is detrimental to the mechanical
performance of the alloy. Caceres and Grifﬁths[20] studied the
fracture behavior of a similar alloy and observed that the
larger and longer Si particles are more prone to cracking.
Further, a rapid occurrence of particle cracking at relatively
low strains was observed in coarser structures while
progression of particle cracking was more gradual in ﬁner
structures.
2.3. Inﬂuence of Young’s Modulus
To study the inﬂuence of Young’s modulus of the a-phase on
the stress distribution, the values of the Young’s modulus of
a-phase measured from nanoindentation tests were used.
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Fig. 7. As-cast alloy: (a) stress, sxx proﬁle, (b) strain, exx proﬁle, and (c) the digitized microstructure provided for reference.

The nanoindentation impressions recorded by atomic force
microscopy and the load-depth indentation curves for the ascast alloy and as-sprayed alloy are exempliﬁed in Figure 11
and 12. The Young’s modulus values that were calculated
using Oliver–Pharr method[16] from the load versus depth of

indentation curves (Figure 12) corresponding to as-cast and assprayed samples are shown in Table 3. The difference between
the values of Young’s modulus of pure aluminum (70 GPa) and
a-phase (73 GPa) of as-cast alloy was not signiﬁcant enough to
bring about any considerable changes in the simulation results.

Fig. 8. As-sprayed alloy: (a) stress, sxx proﬁle, (b) strain, exx proﬁle, and (c) digitized image of the microstructure provided for reference.
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Table 1. Stress and strain values calculated for the as‐cast alloy and the values
indicated in brackets represent standard deviation.

Domain
Entire microstructure
Aluminum phase
Silicon phase

Average stress, sxx [MPa],
standard deviation

Average strain, exx [%],
standard deviation

100 (11)
96 (6)
115.3 (13)

0.115 (0.012)
0.12 (0.006)
0.091 (0.009)

Table 2. Stress and strain values calculated for the as-sprayed alloy and the values
shown in the brackets represent standard deviation.

Domain

Average stress,
sxx [MPa]

Average strain,
exx [%]

100 (8)
97.4 (7)
108 (7)

0.113 (0.014)
0.12 (0.0065)
0.09 (0.005)

Entire microstructure
Aluminum phase
Silicon phase

Hence, the initial assumption of assigning material properties
of pure aluminum to a-phase was justiﬁed for the as-cast alloy.
However, in the case of as-sprayed alloy, there is a difference
between the assumed value (70 GPa) and the actual measured
value (84 GPa) of the a-phase. The increase in Young’s
modulus measured using nanoindentation can be possibly
attributed to the increased solid solubility of Si in aluminum.
This was conﬁrmed by considering the relative peak intensities
of Al and Si (Figure 13) and the precise lattice parameters of
the a-aluminum of as-cast and as-sprayed alloys (Table 4).
Since the Si atom is smaller than the aluminum atom, the
a-aluminum lattice parameter is expected to decrease with
more dissolution of silicon into it. Hence, the relatively smaller
lattice parameter and relative intensity (ISi(111)/IAl(111)) as
shown in Table 4 suggest relatively higher Si content to
be present in the a-Al of the spray formed alloy. After
incorporating the measured Young’s modulus of 84 GPa,
simulations on the as-sprayed microstructure (simulation III)
resulted in the following differences.
The variation of stress across the microstructure showed a
decreasing trend since the average stress experienced by the
silicon phase reduced from 108 to 104 MPa (see Table 2 and 5).

Fig. 9. As-cast alloy: stress proﬁle across the individual Si particles. (a) Particle oriented perpendicular to the loading direction and (b) particle oriented parallel to the loading direction.
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Fig. 10. As-sprayed alloy: stress proﬁle across the individual Si particles.

The stress range (65 MPa) and the maximum stress generated
(130 MPa) in the microstructure were lower in contrast to
simulation-II (110 and 160 MPa, respectively) (Figure 14). Also,
the average strain experienced by the total microstructure was
reduced from 0.11 to 0.09% (Table 2 and 5). From the results of
simulation III, it was possible to ascertain that increase in the
solid solubility of Si in the a-phase concomitant to equiaxed
morphology of the Si phase reduced the maximum stress
experienced by the microstructure.
The results of the present study were in agreement with the
experimental work reported by Srivastava et al.[12] elucidating
superior mechanical performance of the spray formed Al–Si

Fig. 12. The load versus depth of indentation curve of as-cast and as-sprayed materials.

Table 3. Young’s moduli of a-phase measured using nanoindentation technique.

Material

Young’s modulus
[GPa]

Standard deviation
[GPa]

73
84

3.99
5.78

a-Al (As-cast)
a-Al (As-sprayed)
Fig. 11. Representative nanoindent impressions: (a) As-cast alloy, (b) As-sprayed alloy.

ADVANCED ENGINEERING MATERIALS 2014, 16, No. 1

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.aem-journal.com

119

FULL PAPER

N. Raghukiran et al./Study of the Influence of Silicon Phase Morphology …
alloys in contrast to their as-cast counterparts. The enhanced
mechanical performance of the as-sprayed alloys seems to be
inﬂuenced by a number of factors such as reﬁnement and
modiﬁcation of eutectic Si phase, reﬁnement of the grain size
of a-aluminum phase and extended solid solubility of silicon
in a-aluminum. However, it is difﬁcult to understand the
individual effect of these factors merely by experimental
methods. In that context, the current study provides a great
potential to capture the individual effects of these factors
by combined use of modern experimental characterization
techniques and microstructure-based computational tools.
3. Conclusions

Fig. 13. X-ray diffractograms of the as-cast and as-sprayed Al–Si alloys.

Table 4. The calculated lattice parameters and relative intensities of the as-cast and
as-sprayed Al–Si alloys.

Material
As cast
As-sprayed

Lattice parameter
Of a-Al [nm]

Relative intensity
ISi(111)/IAl(111) [%]

0.4044
0.4039

12.3
9.25

From the ﬁnite element approximations of the present
study, the morphology of silicon was found to inﬂuence the
stress proﬁle across the microstructure of the Al–Si alloys.
Alloys with equiaxed silicon morphology were estimated to
experience lower stresses for a given load. In addition, the
difference in stresses generated in the matrix and particle
and the maximum stress generated were lower in case of
alloys with equiaxed silicon particles. This also means that,
aluminum alloys with equiaxed silicon particles were
expected to perform better under mechanical loading
compared to alloys with same composition but with needle
like acicular morphology of silicon. The improved solid
solubility of Si resulted in reduced maximum stresses
generated in the as-sprayed microstructure.
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Table 5. Stress and strain values of as-sprayed alloy calculated after incorporating
the material properties measured by nanoindentation.

Domain
Entire microstructure
Aluminum phase
Silicon phase

Average stress,
sxx [MPa],
standard deviation

Average strain,
exx [%],
standard deviation

100 (5)
98.6 (5)
104 (4)

0.09 (0.007)
0.10 (0.003)
0.08 (0.007)
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